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Abstract. We argue that the hidden order state in URu2Si2 will induce a charge 
density wave. The modulation vector of the charge density wave will be twice that of 
the hidden order state, Qcdw = %Qho- To illustrate how the charge density wave 
arises we use a Ginzburg-Landau theory that contains a coupling of the charge density 
wave amplitude to the square of the HO order parameter A.ho- This simple analysis 
allows us to predict the intensity and temperature dependence of the charge density 
wave order parameter in terms of the susceptibilities and coupling constants used in 
the Ginzburg-Landau analysis. 
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1. Introduction 

The exact nature of the Hidden Order (HO) in URu2Si2 has been a well documented 
puzzle for more then 20 years [H [2J, [3] . The onset of HO is seen in the specific heat as 
a sharp mean field like transition at Tjjo — 17.5K. However, a systematic search of 
any magnetic or structural transition at Tho yielded negative results, thus suggesting 
the term 'Hidden Order' to highlight the missing connection between textbook mean 
field features, e.g. in the specific heat and the lack of any observable order parameter. 
Various proposals made to account for this phase generally fall within two categories 
that can be broadly summed up as (i) localized intra unit cell ordering and (ii) extended 
momentum space ordering. The first category, in which speculations were made to the 
effect that the HO is characterized by some local ordering [U [5j EJ [7J El |9] , was prompted 
by the large specific heat change and large entropy release at the HO transition, the 
latter on the scale of 5S ~ 0.2i?ln2. Alternatively, the HO transition was viewed as 
an ordering of itinerant degrees of freedom, thus intrinsically being a momentum space 
phenomenon with the ordering occurring in momentum space [TOl [TT| [T2l [T3l [H] . 

We still do not know which of these models are closer to the true nature of the 
HO state. New hints emerging from momentum resolved spectroscopies point to the 
existence of a momentum space instability as an important ingredient, if not a key 
ingredient, in the HO puzzle. First, the new as well as old neutron scattering data 
[T5| [16j [17] provide tantalizing hints that indeed the spin dynamics drastically changes 
in the HO state. New sharp resonant features appear to develop in the HO state in 
the spin susceptibility as seen by inelastic neutron scattering, at both commensurate 
momenta Q = (1, 0), (0, l)7r/a [18] at u = 2 meV and at incommensurate momenta 
Q* = (0.6,0), (0,0.6)7r/a at u r = 5 meV [TBI EH H2], indicating changes in the spin 
dynamics below Tjjq- Second, recent Scanning Tunneling Microscopy (STM) results 
revealed the onset of a gap like feature in the tunneling spectra, and Quasiparticle 
Interference (QPI) data reveal the onset of a hybridization feature in the quasiparticle 
band structure of URu2Si2 jT9j that develops near or at the incommensurate vector Q*. 
The hybridization features seen in the tunneling spectra, in quasiparticle dispersion in 
STM and in neutron scattering resonance, all have the same energy scale of ~ 5 meV at 
characteristic momentum transfers Q*. Therefore, it is at least a plausible suggestion 
that the HO is a phenomenon that is controlled by momentum space instability. Such a 
momentum space instability at Q* would produce a modulation of the order parameter 
A^o(x) = A# exp(iQ*x). 

A question that naturally arises from these observations is: if the HO is an 
incommensurate (or a commensurate) wave phenomenon of some sort and would this 
wave produce a charge density wave (CDW) ? In this communication we prove that a 
spatially modulated HO parameter will indeed lead to a CDW in the HO state. To prove 
this point we employ a Ginzburg-Landau (GL) analysis including a coupling between 
the local charge density modulation p(x) and the square of the HO order parameter 
Af/o- We use the fact that for any order parameter its square amplitude will be a simple 
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scalar and hence in the free energy analysis it can couple to the charge density via 

Fint = ~J d d *\ p(x) A H0 (x)A^ (x) (1) 

with coupling strength A that can be of either sign. p(x) and A#o( x ) are the charge 
density and the hidden order parameters at position x. The charge stiffness free energy 
is given by the form: 

F C DW = Y,fM 2 - (2) 
q 

where f q = ai/q 2 +a2 q 2 +a% > for all moment a [20]. The a± term describes the Coulomb 
repulsion, the a 2 term describes the gradient energy costs for density modulations and 
the 03 term describes a short range term. The positivity of f q insures that there is 
no CDW in the absence of the coupling. From this point on we take f q = x/2 > 
for simplicity. As we show below, the amplitude of the induced CDW modulation is 
proportional to A and inversely proportional to the charge stiffness x- Minimization of 
the total free energy F = F C dw + F HO + F int leads to 

p 2qi = -A^ ( qi ) , (3) 

which implies that the modulation wave vector of the CDW is double that of the HO 
modulation in real space. This observation is the main result of the paper. If the HO 
modulation is commensurate with the lattice then the CDW will also be commensurate 
(case of Q modulation). For instance, if the HO state is a single unit cell order 
phenomenon without translational symmetry breaking, the CDW momenta are identical 
with the main Bragg peaks of the lattice. On the other hand if the HO state is 
incommensurate, so will be the CDW (case of Q* modulation). For the HO modulated 
at an incommensurate wavevector like Q* = (0.6,0), (0,0.6)7r/a the CDW modulation 
will be at Qcdw — (1.2, 0), (0, 1.2)7r/a. Another immediate consequence of the GL 
analysis is that the intensity of the CDW will scale as p2 m ~ A 2 HO (qi) ~ \T — Tho\, 
since the HO order parameter sets in as at a well defined mean field transition. 



2. Ginzburg-Landau Model for CDW 

Recently two of us proposed that the HO is a hybridization wave with a modulation of Q* 
|14j . In our model the HO in URu2Si2 originates from an indirect excitonic condensation 
of d— band holes bound to local /—band electrons. In general, such hybridization order 
takes the form 

A„o(k) = £^q +k ,q(</q +k > (4) 

q 

In particular, we argue that the coupling is mainly between electrons (and holes) with 
momenta Q*/2 (and — Q*/2) and vice-versa, where Q*/2 = (0.3,0)7r/a . This coupling 
induces a modulation wave vector of Q* in the hidden order state. In total there are 
four incommensurate wave vectors Qi, Qi = Q* and the three equivalent vectors in 
tetragonal symmetry, rotated in the (a,b)-plane by multiples of n/2 . We will assume 
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Figure 1. (Color online) Illustration of the onset of CDW amplitude P2Q* ~ \T — Tjjo\ 
and HO parameter A HO ~ \T - T HO \ 1/2 below HO transition. The CDW order is 
induced by onset of HO and opens up with higher power of T — Tho 

in the following that the HO phase forms a monodomain characterized by a single wave 
vector direction such that Qi = ±Q* . The corresponding Ginzburg-Landau (GL) 
energy functional for the HO is [20] 
Fho = EcklA^k)! 2 

k 

+ ^a\A HO (k)\ 2 + ^\A HO (k)\ i (5) 

where the first term is the kinetic energy and cy_ = c^Q;(k — Qi) 2 is the stiffness of the 
hidden order field, the coefficient of the second order term changes sign at T = T H q, 
a = a(T — T HO ), and (3 is a positive constant. It is clear that without the coupling with 
other degrees of freedom, Fho favors of a modulation with momentum ±Q*, noting that 
T HO is largest for these momentum values. The free energy associated with a charge 
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density modulation is given by 

Fcdw = Y,\x\p< 1 \ 2 . (6) 

The HO and the charge degrees of freedom are coupled through 

F int = -A Yl PqA/fo(k - q) A^ (k) + c.c. , (7) 

k.q 

which is simply the Fourier transform of Eq. [U The total energy function is 

F = Fho + Fcdw + F int ■ (8) 

Minimizing the energy functional yields the equation set 
BF 

= ^wo =- A E/°q ( A ^o(k + q) + A^ G (k- q)) 
+ 2C(k-Q*) 2 A^ (k) 

+ aA^ (k) + /3|A iro (k)| 2 A^ (k) (9) 

OF 

= T^r = *p* ~ x E Re t A "°( k + q) A ^(k)] (10) 

OPq k 

Near the critical temperature Tho-, the only components of the HO parameter 
are A# (+Q*) an d A H q{— Q*), yielding possible momentum values for q in Eq. [71 
q = ±2Q*, and therefore a single Fourier component for the charge modulation p2Q*- 
More precisely, the only vanishing contribution to Aho{q) and p q are: 

\ V2 



\Aho(±Q*) 



\P2Q* 



a 



aA 



-|Aho(Q*)| 2 • (11) 



X 

The amplitude of A#o(±Q*) increases with respect to the A = 0, p = solution, 
resulting in a decrease of the free energy (for negative A), indicating that a CDW is 
formed. The amplitude of the resulting CDW is linear in T c — T, which is a direct 
experimental prediction. 

In Fig. [2] J3] and H] we plot the numerical solution for Eq. (l9l fT0|) for the parameters 
a = -0.005, = 0.001, x = 1-0, A = -0.05 and c = 50,10,2 respectively (which 
effectively correspond to the weak, intermediate and strong coupling regimes). The 
numerical calculations are consistent with the results obtained above. In the weak 
coupling regime, we obtain a CDW oscillating with wave vectors around 2Q* in all 
three cases. For large stiffness ( Fig. [2] ), Aho oscillates with a single wave vector Q* 
and is not affected significantly by the coupling with the CDW. The CDW oscillates 
with a rapid oscillation 2Q* on top of a slow modulation. When the stiffness decreases 
( Fig. [3fH ), the peaks in Aho(q) and p q broaden up. Interferences between momenta 
within the peak width cause the modulation to vanish at large r. 
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Figure 2. (Color online) Numerical solution for hidden order parameter and charge 
density wave. The parameters used here are c = 50.0, a = — 0.005, (3 = 0.001, \ 
1 .0. A = 0.05. The left panel shows the Ano(q) (black) and p q (red). The modulation 
of Ano(q) a t Q* induces finite charge at 2Q*. The middle and right panels are the 
hidden order and the charge modulation in real space. 



3. Conclusions 



In this paper we showed that in the presence of a HO parameter with modulation 
wavevector Q*, a charge density wave with modulation wavevector 2Q* emerges, 
provided an attractive coupling between the HO parameter amplitude (squared) and 
the charge density modulation exists in the free energy. We predict that the amplitude 
of the resulting CDW grows linearly in temperature below T ho . We hope that our 
results will stimulate a detailed search for the proposed CDW. The natural techniques 
that would allow for CDW observatoin would be neutron scattering, x ray scattering and 
local probes. In princilple the optical conductivity and ARPES might also see effects of 
band changes due to CDW formation. If CDW is observed it may shed further light on 
the nature of the hidden order state in URu 2 Si 2 . 
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Figure 3. (Color online) The same as FigJ2] except for c = 10.0. 
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Figure 4. (Color online) The same as Figj2] except for c = 2.0. 
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